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The renal segmental distribution of claudins changes with de- functions as a fence that maintains a polarized distribu-
velopment. tion of lipids and proteins between the apical and basolat-
Background. Permeability properties of mammalian neph- eral plasma membrane [1, 2]. Although the biochemicalron are tuned during postnatal maturation. The transepithelial
nature of TJs remained elusive for a long time, the dis-electrical resistance (TER) and complexity of tight junctions
covery of several TJ and TJ-associated molecules pre-(TJs) vary along the different tubular segments, suggesting that
the molecules constituting this structure change. We studied sented the opportunity of studying the relationship be-
the differential expression of occludin and several claudins in tween structure and function of these cell-cell junctions
isolated renal tubules from newborn and adult rabbits. with improved precision.Methods. Isolated renal tubules from newborn and adult
Using conventional freeze-fracture, tight junctions haverabbits were processed for occludin, claudin-1 and claudin-2
been described as a series of strands and grooves thatimmunofluorescence, and Western blot detection of claudin-1
and -2. Claudin-5 was detected in whole kidney frozen sections. anastomose to form a meshwork that encircles the cells
RT-PCR from isolated tubules was performed for claudins-1 at the uppermost portion of the lateral membrane [3].
to -8.
The recent development of sodium dodecyl sulfate–Results. Immunofluorescence revealed that occludin, clau-
digested freeze-fracture replica labeling (SDS-FRL) al-din-1 and -2 were present at the cell boundaries at the neonatal
stage of development. Claudin-1 was detected in the tighter lowed the immunocytochemical detection of the proteins
segments of the nephron (distal and collecting duct), while constituting TJ strands [4]. This procedure thus permit-
claudin-2 was found in the leaky portions (proximal). Claudin 5 ted the identification of occludin and claudins for the
was found in the kidney vasculature. PCR amplification re-
first time as TJ filament components [5–7].vealed the presence of claudins-1 to -4 in tubules of newborns.
Occludin, with a molecular mass of65 kD, is comprisedIn adults, claudins-1, -2 and -4 were present in proximal, Henle’s
loop and collecting segments; claudin-3 was in proximal and of four transmembrane domains, a long COOH-terminal
collecting tubules, while claudins-5 and -6 were absent from all cytoplasmic region, a short NH2-terminal cytoplasmic do-
tubular portions. Claudin-7 was restricted to proximal tubules, main, two extracellular loops and one intracellular turn.
while claudin-8 was present in proximal and Henle’s segments.
Occludin is a functional component of TJs as (1) its over-Conclusions. The pattern of occludin distribution is present
expression in epithelial cells augments the transepithelialfrom the neonatal age. Claudins-7 and -8 are up-regulated after
electrical resistance (TER) [8, 9]; (2) introduction of abirth. Each tubular segment expresses a peculiar set of claudins
that might be responsible for the permeability properties of carboxyl truncated occludin increases paracellular leak-
their TJs. age [10]; (3) addition of a synthetic peptide homologous
to the second extracellular loop of occludin down-regu-
lates the TER [11]; and (4) introduction of terminally
The tight junction (TJ) constitutes the main barrier in truncated occludin into epithelial cells alters the mainte-
epithelia to the passive movement of electrolytes and ma- nance of the polarized distribution of lipids and proteins
cromolecules through the paracellular pathway. It also in the plasma membrane [5, 9]. Despite this evidence, the
structure and function of TJs cannot be explained by oc-
cludin alone, as endothelial and Sertoli cells possess TJsKey words: occludin, nephron permeability, tight junction, postnatal
maturation, kidney tubules, growth and development. that lack occludin [12, 13] and occludin knockout mice
display TJs that do not appear to be morphologically orReceived for publication July 25, 2001
electrophysiologically altered [14].and in revised form December 10, 2001
Accepted for publication March 22, 2002 These results predicted the existence of other proteins
capable of forming TJ strands, even without occludin. 2002 by the International Society of Nephrology
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Such proteins, named claudins, have been identified in from adult and newborn animals. Using immunofluores-
cence and Western blot analyses, we found that therecent years and may constitute the barrier component
of TJs. Claudins are 23 kD integral membrane proteins tighter segments of the mammalian nephron have clau-
din-1 at their TJs, while the leaky proximal segmentswith four transmembrane domains, bear no sequence
similarity to occludin, and when introduced into epithe- lack this claudin and instead express claudin-2. This dif-
ferential distribution of claudins-1 and -2 found in adultlial cells or fibroblasts, incorporate into preexisting TJs
[5] or form well developed networks of strands similar tubules is already present in newborn animals. By reverse
transcription-polymerase chain reaction (RT-PCR) per-to native TJs [15]. Today, 20 members of this family
have been identified [16]. Among them, claudins-3, -4, formed in isolated tubules, the mRNA expression of
claudins-1 to -8 was explored. While claudins-1 to -4 are-5 and -11 had been previously reported as rat ventral
prostate-1 protein [17, 18], the receptor for Clostridium clearly expressed in newborn and adult derived tubules,
claudins-7 and -8 are only detected in the latter. Clau-perfringens enterotoxin [19], the protein deleted in the
Velo-Cardio-Facial syndrome [20], and an oligodendro- dins-5 and -6 were amplified from total kidney extracts,
but remained undetectable in isolated renal segments,cyte specific protein [21], respectively. More recently
paracellin-1, whose mutations cause renal Mg2 wasting claudins-1 to -4 were expressed in both tight and leaky
tubules, claudin-7 was only present in leaky segments,in humans, was identified as claudin-16 [22]. The obser-
vation that this claudin is found exclusively in the TJ of and claudin-8 was restricted to leaky and intermediately
permeable renal portions. These findings show that renalthe thick ascending limb of Henle, a region responsible
for Mg2 reabsorption, gave rise to the proposal that clau- tubules change the set of claudins that constitutes their
TJs in accordance with their postnatal development, anddins may be selective paracellular channels [23]. In Madin-
Darby canine kidney (MDCK) cells, two strains that sig- demonstrate that segments with distinct permeability ex-
press a differential combination of claudins.nificantly differ in their TER also display a differential
expression pattern of claudins. Claudin-1 and -4 are ex-
pressed in both tight (MDCK I) and leaky (MDCK II)
METHODS
strains, while the expression of claudin-2 is restricted to
Animalsthe leaky type. Conversion of the epithelia from tight to
leaky was achieved by introducing claudin-2 into type I New Zealand male white rabbits (2.0 to 2.5 kg) were
maintained on Diet Science (5321) and water ad libitumMDCK cells [24]. Furthermore, overexpression of clau-
din-1 in type II MDCK cells increases the TER fourfold in our animal house (temperature 22 to 24C, 50 to 55%
humidity). Newborn rabbits (5 days old) were maintained[25]. Together these results suggest that a differential
expression of claudins could be responsible for the wide with the dam until the day of the experiment. Care and
handling of the animals were in accordance to interna-range of permeabilities exhibited in epithelia.
In the mammalian kidney the TER and the complexity tionally recommended procedures.
of the TJ observed by freeze-fracture increase from the
Isolation of rabbit renal tubulesproximal to the collecting duct [26, 27]. For instance,
while TER in the thick ascending limb of Henle’s has Rabbit tubules were isolated by manual dissection as
previously described [27].reported values of 25 and 34  · cm2 [28, 29], it is of
150  · cm2 in the distal tubule [30] and of 867  · cm2
Positive identification of different renal segmentsin the collecting duct [31]. Considering that epithelia
constitute the barrier between the organisms and the Nephron segments were identified according to their
morphological appearance as previously described [27].environment and that at the proximal segment the epi-
thelium is in contact with an isotonic fluid, similar to To further distinguish proximal from distal tubules,
which sometimes are difficult to recognize after fixation,plasma, while at the collecting duct the tubular content
is urine, the existence of a tighter barrier in the distal cytokeratin-8 immunostaining was performed. As found
in earlier studies, while distal tubules show a positiveportions of the nephron became predictable. In agree-
ment with those data, our previous study examining iso- staining, proximal tubules do not [32].
lated renal tubules found that the expression of the TJ
Kidney frozen sectionsproteins zonula occludens-1 (ZO-1), ZO-2 and occludin
paralleled the increase in junctional complexity found Frozen sections from whole kidney were obtained as
previously described by us [27].along the mammalian nephron [27].
Our current study initially explored whether the cell
Immunofluorescenceborder distribution of occludin is already established in
neonatal tubules. As no differences with adult tissues The whole kidney frozen sections or the isolated tu-
bules were fixed and processed for immunofluorescencewere found, we concentrated this study on the distribu-
tion of claudins along isolated renal segments derived as previously described [27]. The following primary anti-
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bodies were used: rabbit polyclonal anti-claudin-1 (Zy- amide gels. Proteins in these gels were either stained for
one hour with 0.25% Coomassie blue, or transferred tomed 71-7800, Zymed, South San Francisco, CA, USA;
dilution 15 g/mL); claudin-2 (Zymed 51-6100; dilution nitrocellulose papers (Hybond-C, RPN 303C; Amer-
sham, Little Chalfont, UK), [35]. To identify the proteins,1 g/mL); claudin-5 (Zymed 34-1600, dilution 20 g/mL)
occludin (Zymed 71-1500; 10 g/mL) and mouse mono- blotting was performed with rabbit polyclonal antibodies
against claudin-1 (Zymed 71-7800; dilution 15 g/mL);clonal antibodies (mAb) against cytokeratin no. 8 (Boeh-
ringer 1238-817; 5 g/mL; Mannheim, Germany) and claudin-2 (Zymed 51-6100; dilution 1 g/mL) and oc-
cludin (Zymed 71-1500; 10 g/mL). Peroxidase-conju-the luminal surface of intercalated cells (mAb 503). As
secondary antibodies a FITC-conjugated goat anti-rabbit gated goat anti rabbit IgG (HL) (Zymed 62-6120; dilu-
tion 1:2000, 0.38 g/mL) was used as secondary antibodyIgG (Zymed 65-6111; 6 g/mL) or an anti-mouse IgG
TRITC conjugate developed in goat (Sigma T-5393; followed by a chemiluminescence detection system
(ECLPLUS, RPN 2132; Amersham).1:100, 7.5 g/mL) were used. The frozen kidney sections
were quenched for unspecific autofluorescence with an
Nested PCRadditional 10-minute treatment with Evan’s blue (0.02%,
dilution 1:100). The fluorescence was examined using a Kidney slices and manually dissected renal tubules
were maintained in RNAlater (Cat 7021; Ambion, Aus-confocal microscope (MRC-600; Bio-Rad Laboratory,
Richmond, CA, USA) with a krypton argon laser. The tin, TX, USA) before RNA extraction with the TriPure
Isolation Reagent (Cat. 1665157; Boehringer Mann-images collected had an optical thickness of 1 micron
for proximal, distal and collecting tubules. For Henle’s heim) following the manufacturer’s instructions. Claudin
cDNA was reverse transcribed from RNA using rTthloop, due to its narrowness, 0.5-micron optical sections
were performed. The images shown represent a projec- DNA Polymerase (Cat. N808-0069; Perkin Elmer, Nor-
walk, CT, USA) with the 3 claudin-1 primer CAGCtion of the sections made for each tubule.
CAAGGCCTGCATAGCCATGG for claudin-1, and
Percoll gradient method for isolation of rabbit tubules the degenerate 3 claudin primer AGSCRYCADSGG
GTYRTAGAAGTC for claudins-2 to -8. A reverse tran-Isolation of renal tubules in a Percoll gradient was
performed according to the technique reported by Vinay, scription master mix was prepared by adding 2 L of
10 buffer (100 mmol/L Tris-HCl, pH 8.3, 900 mmol/LGougoux and Lemieux [33]. This procedure establishes
a gradient of density in which the tissue separates into KCl), MnCl2 1 mmol/L, dNTPs (Cat 10297-018; Gibco
BRL, Grand Island, NY, USA) 200 mol/L each, 40four distinct bands. The F4 band was significantly en-
riched in proximal tubules while the F1 band was mark- units of RNasin (N2111; Promega, Madison, WI, USA), 5
units of rTth and 0.75 mol/L 3-claudin primer. Reverseedly enriched in distal tubules, as assessed by microscopic
observation of these tubular populations. Bands 2 and transcription was carried out in a final volume of 20 L
at 70C for 15 minutes, and the reaction was stopped by3 have a mixture of nephron segments that include glo-
meruli, proximal and distal segments. placing the tubes on ice.
Two consecutive rounds of PCR were performed. For
Protein blotting and analysis the first PCR, 80 L of PCR master mix for each sample
were prepared by adding 65 L H2O, 8 L 10 chelatingBands F1 and F4 from the Percoll gradient were
washed twice with cold phosphate-buffered saline (PBS) buffer [50% (vol/vol) glycerol, 100 mmol/L Tris-HCl
pH 8.3, 1 mol/L KCl, 0.5% (wt/vol) Tween 20, 7.5and incubated for 30 minutes at 4C in Triton X-100 lysis
buffer (Tris-HCl 50 mmol/L, pH 7.4, NaCl 100 mmol/L, mmol/L EGTA], 1.5 mmol/L MgCl2 and 0.15 mol/L
upstream 5 claudin-1–specific primer or the 5 claudinsMgCl2 5 mmol/L, CaCl2 5 mmol/L, Triton X-100 1% and
Nonidet P40 1%) with Complete and phenylmethylsul- degenerated primer (RAGGGSCTSTGGATGDMST
GYGTG). The following amplification protocol was per-fonyl fluoride (PMSF; 20 g/mL), and sonicated three
times for 30 seconds each in a high-intensity ultrasonic formed: 3 minutes at 94C followed by 10 cycles at 94C
for one minute, 43C for one minute, 60C for one mi-processor (Vibra cell; Sonics & Materials Inc., Danbury,
CT, USA). Samples were centrifuged at 13,000 rpm at nute, and subsequently 30 cycles at 94C for one minute,
48C for one minute, and 60C for one minute. Five4C for ten minutes, and the supernatant was collected
(soluble fraction). The pellet (insoluble fraction) was microliters of the first PCR served as a template for the
second PCR that was carried out in a final volume offurther lysed with RIPA buffer [40 mmol/L Tris-HCl
pH 7.6, 150 mmol/L NaCl, 2 mmol/L ethylenediaminetet- 25 L and contained 10 PCR buffer (KCl 500 mmol/L,
MgCl2 15 mmol/L, Tris-HCl 100 mmol/L pH 9.0; Amer-raacetic acid (EDTA), 10% glycerol, 1% Triton X-100,
0.5% sodium deoxycholate, 0.2% SDS]. After protein sham Pharmacia Biotech), dNTPs 200 mol/L (Gibco
BRL), 2 units Taq DNA Polymerase (Cat. 27-0799-01;quantitation [34], samples were diluted (1:1) in treatment
buffer (0.125 mol/L Tris-Cl, 4% SDS, 20% glycerol, 10% Amersham Pharmacia Biotech), and 50 pmol of each
claudin-specific primer (Table 1). The following amplifi-2-mercaptoethanol, pH 6.8) and run in 8% polyacryl-
Reyes et al: Renal segmental distribution of claudins 479
Table 1. Nucleotide sequences employed for PCR amplification of claudins-1 to -8
Claudin Sequence Nucleotide Accession number
1 5-AGCCAGGAGCCTCGCCCCGCAGCTGCA-3 1–27 AF 072127
5-CAGCCAAGGCCTGCATAGCCATTG-3 931–952
5-ATCGCAATCTTTGTGTCCACCATT-3 432–456
5-ATTCTGTTTCCATACCATGCTGTG-3 562–586
2 5-ATGTCCTCGCTGGCTTGTATTATCTCT-3 315–342 AF 072128
5-GCCATGAAGATTCCAAGCAACTG-3 450–473
3 5-CATCCTGCTGGCCGCCTTCG-3 268–276 AF 087821
5-CCTGATGATGGTGTTGGCCGAC-3 411–432
4 5-TCGTGGGTGCTCTGGGGATGCTT-3 436–459 AF 087822
5-GCGGATGACGTTGTGAGCGGTC-3 583–605
5 5-GCTGGCGCTGGTGGCACTCTTTGT-3 267–290 AF 087823
5-GGCGAACCAGCAGAGCGGCAC-3 400–420
6 5-ACCCTCCTCATTGTCCTGCTTGGC-3 259–282 AF 087824
5-CCAGCAGACAGGAATGAGCGT-3 394–414
7 5-CCTGGTGTTGGGCTTCTTAG-3 261–280 AF 087825
5-TGACCAATCCAGGAACATGCTACCAA-3 399–425
8 5-CGTCTTGGCTTTCTTGGCTTTCATG-3 264–288 AF 087826
5-GGCAACCCAGCTGACAGG-3 405–422
Table 2. Comparison of functional and biophysical parameters, in proximal and collecting tubules, that change with development
Age
Segment Animal Parameter Neonatal Adult Reference
Proximal Guinea pig Net pressure for reabsorption mm Hg 15.0 30.9 [53]
Urinary recovery of mannitol % 92 100
Estimated pore radii of TJ 1010 m Higher by0.5
Rabbit Hydrostatic hydraulic conductance 0.03670.0048 0.00520.002 [54]
103 mL · cm2 · min1 · cm H2O1
Isotonic net fluid transport 0.26 1.06 [55]
nL · mm1 · min1
Rat Permeability of colloidal lanthanum Permeable Non-permeable [56]
and horseradish peroxidase
Collecting duct Rabbit Transtubular electrical resistanceX · cm2 40 200 [57]
Hydraulic conductivity coefficient (Lp) 8534 107 [58]
107 cm · S1 atm1
cation protocol was performed: three minutes at 94C kidney. In several mammals, such as rat, rabbit and hu-
man, diverse functional parameters of the kidney depictfollowed by 45 cycles at 94C for 30 seconds, 60C for
30 seconds, 72C for one minute; except for claudin-7, postnatal maturation. Table 2 shows that certain physio-
logical characteristics that reflect the permeability of thewhich required an annealing temperature of 50C. Sam-
ples with no template served as negative controls before paracellular pathway, such as TER, mannitol fluxes, hy-
drostatic hydraulic conductance, permeability to paracel-cDNA preparation, first PCR and second PCR. Reaction
lular tracers and isotonic net fluid transport, are differentproducts were detected by agarose gel electrophoresis
in newborn tubules than in the corresponding segmentsand ethidium bromide staining.
of the adult. In collecting ducts isolated from newborn
rabbits, occludin formed continuous bands that surroundRESULTS
the cellular borders (Fig. 1). It is noteworthy that this
Occludin displays a continuous cell border pattern in pattern was identical to the one we previously observed
rabbit collecting ducts in adult tubules [27]. Nevertheless, other characteristics
Our previous work studied the distribution of the TJ of occludin, such as its phosphorylation state or its re-
proteins ZO-1, ZO-2 and occludin along different seg- sponse to external factors such as hormonal stimulation,
ments of the mammalian nephron [27]. The three pro- were not explored and cannot be disregarded from in-
teins increase their expression from the proximal to the fluencing the changes during maturation.
collecting segment, following the augmentation in both
Immunofluorescence detection of claudin-1 reveals aTER and TJ complexity. However, of the three proteins
junctional distribution in tight segmentsstudied, occludin revealed the most pronounced change.
Therefore, we decided to explore whether the expression In recent years, other transmembrane TJ proteins
named claudins have been identified [16, 36]. Therefore,pattern of this protein changed with maturation of the
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Fig. 1. Occludin distributes along the cellular borders of a newborn
collecting duct. The collecting duct was isolated from a 4-day-old rabbit.
Bar length is equivalent to 20 m in this and subsequent illustrations.
Fig. 3. Renal tubules isolated from newborn rabbits express claudin-1
in the same fashion as adults. (a, b) The tubule contains proximal and
Henle’s loop segments. The latter can be distinguished by its width and
cytokeratin-8 staining, which is absent from the proximal segment (b,
arrow) and conspicuous in the Henle’s portion (b, arrowheads). While
claudin-1 clearly labels the Henle’s segment (a, arrowheads), the signal
at the proximal tubule is negligible (a, arrow). (c and d) The distal
portion is positive for both cytokeratin-8 (d) and claudin-1 (c). (e) A
clear chicken fence pattern is detected in the collecting tubule.
detectable in proximal tubules (Fig. 2a), while a diffuse
expression was found at Henle’s loop (Fig. 2c) and the
distal segment (Fig. 2e). At the collecting tubule (Fig. 2d),
clear and strong claudin-1 staining was detected at the
cell boundaries. In addition to morphological identifica-
tion, distal and proximal tubules were further distin-Fig. 2. A cell border pattern of claudin-1 is only found in the tight
guished from each other by the positive cytokeratin-8segments of the adult mammalian nephron. While claudin-1 is not
detectable in a proximal tubule of an adult kidney (a), a diffuse expres- staining of the former (Fig. 2f) and the negative image
sion is found at Henle’s loop (c). A clear claudin-1 signal is observed
observed in the latter (Fig. 2b).at the distal (d) and collector (e) tubules along the cellular borders (d).
Distal and proximal tubules were further distinguished from each other Renal tubules isolated from newborn rabbits ex-
by the positive cytokeratin-8 staining of the former ( f ) compared to pressed claudin-1 in the same fashion as adults. Thus,
the negative image observed in the latter (b).
Figure 3 shows that while claudin-1 labeled the loop of
Henle’s segment (Fig. 3a, arrowheads), the signal at the
proximal tubule was negligible (Fig. 3a, arrow). The dis-we proceeded to analyze the tubular distribution of clau-
dins-1 and -2 along the different nephron segments of tal portion (Figs. c, and d) was positive for both cytokera-
adult and newborn rabbits. In adults, claudin-1 was not tin 8 (Fig. 3d) and claudin-1 (Fig. 3c). As observed in
Fig. 4. Claudin-1 distribution in principal and
intercalated cells of the collecting duct shows
a homogeneous pattern. (a) Claudin-1, homo-
geneously labels the cellular borders of a collect-
ing segment (green). (b) Monoclonal antibody
(mAb) 503 selectively stains the intercalated
cells (red) of this segment. (c) A merged image
shows the staining obtained with antibodies
against claudin-1 (green) and intercalated cells
(red). The arrows point at two intercalated cells
(Reproduction of this figure in color was made
possible by Bio-Rad Laboratories Mexico, S.A.
de C.V.).
Fig. 9. In frozen kidney sections, claudin-5 is found
at the cellular borders of vessels. (A) Claudin-5 stains
the endothelia of the glomerular tuft and the vascular
pole (arrow). (B) In a frozen section treated with Ev-
an’s blue, the autofluorescence of the renal vasculature
gives a strong red signal that clearly distinguishes endo-
thelia (arrow) from the surrounding epithelial tubules.
While in the latter no claudin-5 signal is detected, in
the endothelia it is clearly detectable at the cellular
borders (arrowheads) (Reproduction of this figure in
color was made possible by Bio-Rad Laboratories
Mexico, S.A. de C.V.).
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Fig. 5. Claudin-2 is found significantly only at the cell borders of leaky
renal adult epithelia. Claudin-2 is shown by the clear cell border pattern
at the proximal segment (a) and Henle’s loop (b). At a distal tubule (c),
positively identified by its cytokeratin-8 staining (d), a strong claudin-2 Fig. 6. Claudin-2 in newborn rabbits is related to leaky epithelia. While
signal is found at the cytoplasm together with a faint cell border staining. the proximal segment displays a clear cell border pattern (a), only a
At the collecting tubule no defined pattern of claudin-2 staining is faint signal is found at cell boundaries of Henle’s loop (b). (c) Identified
visible (e) while cytokeratin-8 is easily detectable ( f ). by its positive cytokeratin-8 staining in the distal segment (d) claudin-2
gives a strong but diffuse labeling. In the collecting tubule (e) claudin-2
is barely detectable.
the adult tissue, a clear “chicken fence” pattern was only
detectable at the collecting tubule (Fig. 3e).
the distal tubule (Fig. 5c), identified by cytokeratin-8
Since collecting tubules have principal and interca-
staining (Fig. 5d), claudin-2 was detectable at the cyto-
lated cells, further experiments studied whether or not plasm and had an almost negligible cell border pattern.
the latter depict the same pattern of claudin-1 fluores- At the collecting tubule only a diffuse claudin-2 staining
cence as principal cells. Figure 4 shows a collecting duct was found (Fig. 5e), while cytokeratin-8 clearly deline-
stained with a specific antibody directed against the lumi- ated the cell border (Fig. 5f). In accordance, claudin-2
nal surface of intercalated cells (mAb 503) [37], where in newly born rabbits could be seen in a clear cell border
claudin-1 labeling was found around intercalated (red) pattern at the proximal segment (Fig. 6a). A weak signal
and principal cells in a homogeneous pattern. The pro- was found at the cellular boundaries of Henle’s loop
portion of principal and intercalated cells in the collect- (Fig. 6b), while the distal segment (Fig. 6c), identified by
ing tubule is of 64 and 36%, respectively [38], however, cytokeratin-8 labeling (Fig. 6d), had a strong but diffuse
the latter cells appear during postnatal development of pattern. In the collecting tubule (Fig. 6e), the claudin
the kidney. Since in newborn rabbit collecting ducts all signal was almost indistinguishable.
cells resemble principal ones and intercalated cells have
not been observed [39], we did not attempt to study the Western blot shows the differential presence of
claudin-1 and -2 in the insoluble fractions of tightdifferential distribution of claudin-1 in newborn collect-
and leaky renal tubulesing ducts with the mAb 503.
Since our immunofluorescence observations mainly
Claudin-2 is detected by immunofluorescence at the reflected the distribution pattern of claudin-1 and -2 and
leaky cell borders of renal segments not their precise quantity, Western blot analyses of clau-
In contrast to the pattern depicted by claudin-1, clau- dins were performed in tubule populations isolated by
din-2 was found only at the cell borders of leaky renal Percoll gradients. This procedure was chosen because
epithelia in adult and neonatal tubules. Figure 5 shows microdissection of well-defined nephron segments pro-
the clear cell border pattern of claudin-2 at the proximal vided only limited amounts of cell material. As pre-
viously reported [27], tubular isolation by Percoll gradi-adult segment (Fig. 5a) and Henle’s loop (Fig. 5b). At
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Fig. 7. Western blot determination of claudin-1 and -2 in renal tubules isolated by a Percoll gradient. A representative example of a Western
blot determination of claudin-1 (A) and claudin-2 (B) is shown above, while the quantitation of three independent experiments is shown below.
In each enhanced chemiluminescent plate, the densitometric value obtained for the distal soluble fraction or the proximal soluble fraction of the
newborn was taken as 1 to normalize the claudin-1 and claudin-2 experiments, respectively. The standard error is shown. In newly born and adult
rabbits, the amount of claudin-1 present in the insoluble (I), junctional associated fraction, is higher in distal (D) than in proximal (P) tubules
(newborn P 	 0.005; adults P 	 0.005). Claudin-1 is detected in the soluble fraction (S) of both proximal and distal segments. The amount of
claudin-2 present in the insoluble proximal fraction is significantly higher than in the distal insoluble fraction in both newly born and adults (newly
born P 	 0.001; adults P 	 0.005). Claudin-2 is present in similar amounts in the insoluble () and soluble () fractions of adult tubules and
proximal segments of newborn animals.
ent provided pure preparations of proximal and distal A differential expression of claudins-1 to -8 mRNA
found along the distinct renal segments and duringsegments, but not of Henle’s and collecting ducts. There-
postnatal developmentfore, the Western blot analyses were concentrated on
the proximal and distal portions. Since our immunofluo- As previously stated, claudins comprise a family of up
rescence observations had shown cell border localization to 20 members. Initially our immunofluorescence and
of claudins together with a conspicuous and diffuse cyto- Western blot studies were concentrated on the distribu-
plasmic staining, we proceeded to analyze Triton X-100 tion of claudin-1 and -2, since only antibodies against them
soluble and insoluble fractions, taking into account that were commercially available. However, as no change in
proteins associated with the TJ were present in the insol- claudin-1 and -2 expression was found that correlated
uble fraction [40, 41]. with postnatal maturation of TJ permeability, we decided
The Western blot in Figure 7A displays a significantly to explore the mRNA expression of claudins-1 to -8 in
higher amount of claudin-1 in distal (D) than in proximal isolated renal segments derived from newborn and adult
(P) tubules derived from both adult and five-day-old animals by using RT-PCR. When conventional PCR
rabbits in the insoluble fraction (I), confirming our im- methods were employed claudins expression proved to
munofluorescence observations. Claudin-1 was present be barely detectable (data not shown). Therefore, we
in the soluble fraction of distal and proximal tubules optimized a nested PCR protocol for the claudin gene
derived from both newborn and adult tissue. The amount family that involved two consecutive rounds of PCR
of claudin-1 detected in soluble and insoluble fractions amplification. In the first round, a degenerated primer set
among each tubular segment was similar, with the excep- designed from conserved sequences present in claudins-1
tion of the proximal adult segment where almost no to -8 was used. This procedure increased the target con-
claudin-1 was detectable in the insoluble fraction. On centration such that the second claudin PCR reaction
the contrary, claudin-2 was clearly present in proximal could be performed with specific claudin primers to assay
tubules, both in the insoluble and soluble fractions, while for the presence or absence of claudin-2 to -8 mRNAs
in the distal segments only a barely detectable signal was within the tissue. As claudin-1 remained undetectable with
this procedure, two sets of specific primers were usedfound in the insoluble fractions (Fig. 7B).
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din-6, the mRNA of which has only been detected in
embryonic tissue [42], was faintly amplified in newborn
collector tubules in certain samples (data not shown).
Claudin-5 was clearly detectable from RNA obtained
from total kidney; however, it was absent in proximal and
Henle’s segments. This is consistent with the observation
that claudin-5 was mainly restricted to endothelial cells
[43], which were absent in the isolated tubule preparation
and present in the total kidney samples. To further ex-
plore this issue, whole kidney frozen sections were used
to analyze the distribution of claudin-5. Figure 9a shows
a conspicuous claudin-5 signal at the glomerular tuft and
the vascular pole (arrow). No claudin-5 specific fluores-
cence could be detected at the cellular borders of tubules,
while a clear signal was observed in the arterial endothe-
lium (9b, arrowheads). Kidney vasculature could be un-
Fig. 8. A differential expression of claudins-1 to -8 mRNA is found equivocally distinguished from the tubules due to thealong proximal, Henle’s and collector segments. (A) The RT-PCR
strong autofluorescence of complex molecules such asshows a clear expression of claudins-1 to -8 in total kidney. (B) In the
RT-PCR performed with isolated proximal tubules only claudins-1, -2, collagen, elastin, cholesterol and fluorescent lipids, pres-
-3, -4, -7 and -8 are detected. In Henle’s preparation only claudins-1, ent in the vessel walls [44], which after treatment with-2, -4 and -8 are present, while with isolated collector tubules clau-
Evan’s blue showed a conspicuous red signal (9b, arrow).dins-1, -2, -3 and -4 are clearly expressed and claudin-5 is barely detect-
able. (C) In the newborn proximal and collecting tubules only clau-
dins-1 to -4 are conspicuously amplified.
DISCUSSION
Paracellular transport among different epithelia varies
widely, giving rise to their characterization as tight orfor the nested amplification of claudin-1 (Table 1) To
leaky. In their seminal work, Claude and Goodenoughperform these experiments renal tubules were dissected
studied the fracture faces of TJ in tight and leaky epithe-and their identity determined by microscopic examina-
lia, and found that the proximal tubules showed numer-tion. As previously stated, proximal, Henle’s loop, and
ous intramembranous particles (IMP) scattered withincollecting duct tubules can be identified microscopically,
the grooves of the E-face and short discontinuous strandswhile distal segments require the use of a fluorescent
in the P-face [26]. On the other hand, distal tubules pre-marker such as cytokeratin-8. In order to guarantee the
sented continuous grooves mostly devoid of IMP in thepurity of the RNA preparation, putative distal segments
E-face. The observation of the different structural ap-were excluded and around 50 proximal, Henle loops and
pearance of TJ strands and grooves in tight and leakycollecting tubules were collected for RNA isolation. In
epithelia prompted us to speculate whether it could benewborn kidney the length of Henle’s segments that
due to the different molecular composition of the strands.could be unequivocally identified was very small, and thus
To study this issue, we analyzed the distribution ofPCR amplification of claudins in this segment was not
different TJ molecules in isolated renal tubules derivedattempted because the amount of material was insuffi-
from newborn and adult animals. Proximal, distal andcient. Figure 8A shows that claudin-1 to -8 expression
collecting tubules were isolated from the cortical region,was clearly detectable in total kidney by the nested PCR
while Henle’s loops were dissected from medullary sec-procedure, confirming the efficiency of the primers em-
tions. The difference between cortical and medullaryployed. Figure 8B shows, to our knowledge for the first
segments was not explored, however, because medullarytime, the differential pattern of claudin expression along
collecting tubules are exposed to steeper osmotic gradi-the renal segments. While claudins-1, -2 and -4 were ex-
ents than cortical segments [45], and so differences inpressed in all of the studied segments from adult animals,
claudin composition between cortical and papillary col-specificity was given by the expression of claudin-3 at
lecting tubules could be expected.the proximal and collector segments, claudin-7 in the
Our previous study demonstrated that the amount ofproximal tubules, and claudin-8 in proximal and Henle’s
occludin and its cell border distribution increased alongpreparations. Claudin-6 was detectable in total kidney
the mammalian nephron in accordance with TER valuesand absent in the isolated tubular RNA preparations.
and TJ complexity [46]. Our current study demonstrates,When the PCR experiments were performed with RNA
to our knowledge for the first time, that the distributionobtained from newborn rabbits, claudins-5, -7 and -8
of occludin along the cellular borders of tubular cells iswere not detectable, while claudins-1 to -4 were ex-
pressed in both proximal and collecting segments. Clau- already established in newborn animals. While there is
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Table 3. Classification of claudins in accordance with the tightness or developmental stage of the tissue in which the proteins are expressed
Claudin Tubular distribution Classification Complementary supporting information
1 Distal and collecting Tight Transfected fibroblasts show conspicuous tight junction strands, with filaments associated
to the P face [15]
2 Proximal Leaky Transfected into fibroblasts forms TJ strands with discontinuous particles associated to
the E face [15]; introduction of claudin-2 into MDCK I cells converts them from
tight to leaky [24]
3 Proximal, Henle and Promiscuous Homogeneously present in both crypts (low resistance) and villi (high resistance) of
collecting intestinal epithelium [48]
4 Proximal and collecting Promiscuous Not available
5 None Endothelial leaky Constitutes TJ strands in endothelial cells [43]
6 Newborn collecting Embryonic Absent in adult tissues and identified from an EST sequence derived from embryos [42]
7 Proximal Leaky Not available
8 Proximal and Henle Leaky Not available
We classified those claudins that were found both in tight and leaky epithelia as promiscuous. A summary of other reports that support our findings is included
as complementary information.
only one gene for occludin, claudins comprise a multi- pears to be determinant to its appearance. For instance,
in CNS myelin and Sertoli cells where the TJs are almostgene family consisting of over 20 members [16], and
several organs, including kidney, express a wide variety exclusively composed of claudin-11, the pattern of fila-
ments is alike and instead of a mesh, are sets of parallelof them [42]. Therefore, it was tempting to speculate
that the occurrence of several claudins species in an or- strands [49]. In fibroblasts transfected with claudin-2 [5]
or claudin-5 [43], the appearance of the strands resem-gan such as kidney could correlate to the distinct para-
cellular permeability, electrical resistance and TJ pattern bles the TJs present in non-neural endothelial cells
[50, 51] and in leaky epithelia such as the proximal renalfound at the different tubular segments and during post-
natal maturation. We studied isolated renal segments segment [26]. In contrast, the pattern of TJ strands found
in fibroblasts transfected with claudin-1 [15] or claudin-3from the viewpoint of claudins. The immunofluorescence
appearance of claudin-1 in distal and collecting tubules, [6] is similar to that of tight epithelia such as the distal and
collecting segments of the nephron [26]. These resultsand of claudin-2 in proximal segments, strongly suggests
the relationship of claudin-1 and -2 to tight and leaky together with the recent observation that transfection of
claudin-2 to MDCK I cells converts zonula occludens fromepithelia, respectively. This observation was confirmed
in the Western blot determination performed in tubules tight into leaky strands [24] support the proposal that
claudin-2 and claudin-1 are related to leaky and tightisolated in a Percoll gradient. The immunofluorescence
differential distribution of claudins-1 and-2 was observed epithelia, respectively (Table 3).
Distinct species of claudins have been shown to inter-both in adult and newborn renal tissues. The Western
blot analyses of samples separated in soluble and insolu- act within and between TJ strands, except in some combi-
nations [6]. This heterogeneous assembly might be re-ble fractions revealed a more defined pattern of expres-
sion in adult than in newborn tissues. Thus, in the mature sponsible of the diversity of the structure and function
of TJ strands. In the case of whole kidney extracts, theanimal, claudin-1 becomes barely detectable in the insol-
uble fraction (associated to TJ) of proximal tubules and expression of mRNA for claudins-1, -2, -3, -4, -5, -7
and -8 has been revealed by Northern blot [5, 42]. Toclaudin-2 becomes scarcely noticeable even in the solu-
ble fraction of adult distal segments. This observation overcome the lack of commercial antibodies against clau-
dins-3 to -8, we assessed the presence of their mRNAmight be related to the postnatal maturation of tubular
function observed for several parameters (Table 1). The by RT-PCR performed in precisely identified isolated
renal tubules. Additionally, to compare mRNA and pro-presence of both claudin-1 and -2 in the insoluble frac-
tion, together with the observation of a diffuse cytosolic tein expression RT-PCR amplifications of claudins-1 and
-2 were performed. The mRNA for claudins-1, -2, -3 andclaudin immunostaining, suggested alternative roles for
claudins that might be fulfilled in cell domains differ- -4 appears early in development and is conspicuously
detected in newborn tissues. In fibroblasts transfectedent from the TJ region. In this respect the analysis of
claudin-1 expression in the epididymis revealed an ap- with claudin-3, the appearance of TJ strands and grooves
resembles that of claudin-1 transfected cells [6], and itspearance of this protein along the entire basolateral
plasma membrane, suggesting a role for claudin-1 as an noticeable presence in proximal and collecting tubules
of newborn and adult animals suggests a housekeep-adhesion molecule [47]. A recent study has reported that
claudin-3, -4 and -5 distribution is not restricted to the ing role in strand framing. In agreement with this sugges-
tion, this claudin has been found uniformly expressed inTJ microdomain [48].
The type of claudin that constitutes a TJ strand ap- other organs such as liver, pancreas, gut and stomach
Reyes et al: Renal segmental distribution of claudins486
[48]. Claudin-4 is specifically expressed in certain epithe- response to physiological or pathological conditions
might drastically change the tightness of the epithelium.lia, such as kidney and lung, and is absent in others,
such as liver, testis and spleen [48]. With regards to the
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